The effect of tungsten on the development of endogenous and nitrateinduced NADH-and FMNH2-linked nitrate reductase activities in primary leaves of 10-day-old soybean (Glycine max IL.1 Meff.) seedlings was studied. The seedlings were grown with or without exogenous nitrate. High levels of endogenous nitrate reductase activities developed in leaves of seedlings grown without nitrate. However, no endogenous nitrite reductase activity was detected in such seedlings. The FMNH2-linked nitrate reductase activity was about 40% of NADH-linked activity. Tungsten had little or no effect on the development of endogenous NADH-and FMNH2-linked nitrate reductase activities, respectively. By contrast, in nitrate-grown seedlings, tungsten only inhibited the nitrate-induced portion of NADHlinked nitrate reductase activity, whereas the FMNH2-linked activity was inhibited completely. Tungsten had no effect on the development of nitrateinduced nitrite reductase activity. The complete inhibition of FMNH2-linked nitrate reductase activity by tungsten in nitrate-grown plants was apparently an artifact caused by the reduction of nitrite by nitrite reductase in the assay system. The results suggest that in soybean leaves either the endogenous nitrate reductase does not require molybdenum or the molybdenum present in the seed is preferentially utilized by the enzyme complex as compared to nitrate-induced nitrate reductase.
NR3 is a complex enzyme that uses NADH as the preferred source of electrons for reducing nitrate to nitrite (4) ; however, the enzyme can also utilize FMNH2 as electron donor (17, 20) . Both NADH-and FMNH2-linked activities are located on the same protein moiety (20, 23) .
Molybdenum is an essential component of NR; thus, nitrate does not induce NR activity in molybdenum-deficient plants (1, 15, 16) . Notton and Hewitt (16) showed that during induction of NR, molybdenum is incorporated into the protein. Tungsten, an analog of molybdenum, is a competitive inhibitor of molybdenum utilization (11, 12) and inhibits growth when nitrate is the sole nitrogen source (21) . Tungsten is presumed to be incorporated into the enzyme complex, in place of molybdenum (15, 23) , rendering it inactive (3, 10, 15, 23) . In barley and corn leaves, 1 During these studies, the author was the recipient of a visiting fellowship from the Natural Sciences and Engineering Research Council of Canada. (19) . The asssay procedure for NADH-NRA from the barley extracts was similar to that of soybean with the exceptions that the pH of the assay mixture was 7.5. Flavin adenine dinucleotide was omitted from the assay mixture and the reactions were carried out at 30°C. FMNH2-linked NR activities from both soybean and barley leaf extracts were assayed by the method of Schrader et al. (20) with the exception that the pH of the reaction mixture for soybean was 6.5 and sodium hydrosulfite was used as the source of electrons. Nitrite reductase activity from the soybean leaf extracts was assayed by following the disappearance (reduction) of nitrite from the reaction mixtures by the method of Miflin (13) . In some assays, the electron carrier, methyl viologen, was either omitted or replaced by flavin mononucleotide.
Nitrate and Nitrite Analysis. Leaf tissue was ground thoroughly with a pestle and mortar in 10 volumes of cold-distilled deionized H20 and centrifuged at 30,000g for 15 min. The supernatant was analyzed for nitrate. Nitrate was determined by enzymic reduction to nitrite with dissimilatory nitrate reductase obtained from Klebsiellapneumoniae (22) . Nitrate concentration of the assay mixtures was determained colorimetrically as described by Sanderson and Cocking (18) .
RESULTS AND DISCUSSION
Tungsten completely inhibited the development of the active FMNH2-linked NR activity in primary leaves of soybean seedlings grown in 15 mm nitrate but only partly inhibited the formation of active NADH-NR activity (Table I ). About 65% of the NADHlinked activity was inhibited by 0.1 mm of tungsten. Increasing the tungsten concentration to as much as I mm did not further inhibit the formation of active NADH-NR activity. The lower level of NADH-NR activity in tungsten-grown leaves was not due to lack of nitrate (Table I ). In a comparable study with barley seedlings, both NADH-and FMNH2-linked activities were essentially completely inhibited by tungsten (Table II) . Also, tungsten completely inhibited the induction of active NADH-and FMNH2-NR activities in barley and corn leaves (3, 23) . In soybean leaves, the level of FMNH2-linked NR activity was approximately 40% of that of NADH-linked activity ( Table I) , suggesting that FMNH2 is not as effective an electron donor as NADH. In corn roots (3) and embryos of Agrostemma githago (7), FMNH2 is also a poor electron donor. By contrast, in leaves of barley, corn, spinach, and marrow, NADH and FMNH2 are equally effective electron donors (3, 17, 23 and Table II) .
Nitrate accumulation in the soybean leaves did not decrease as the tungsten level in the growth medium was increased to as much (Table IV) . By contrast, the leaf extracts from nitrate-grown seedlings exhibited appreciable levels of NiR activity even when assayed in the absence of added cofactor (Table  IV) , indicating that NiR in vitro accepted electrons from an endogenous cofactor. Bourne and Miflin (6) also observed a low but significant level of NiR activity in the absence of added cofactor in both unpurified and purified extracts of barley roots. Tungsten had no effect on the formation of NiR activity (Table TUNGSTEN INHIBITION IV). The absence of endogenous NiR activity in seedlings grown without nitrate indicates that, unlike NR, nitrate is required for the formation of NiR in soybean leaves.
Inasmuch as tungsten did not inhibit the formation of endogenous FMNH2-linked NR activity in soybean leaves (Table III) , I expected similar levels of FMNH2-linked activity in tungstate plus nitrate-grown leaves. However, no FMNH2-linked NR activity was observed in tungstate plus nitrate-grown leaves (Table I) . This indicates that FMNH2-linked activity somehow becomes labile to tungsten only in the presence of nitrate. Thus, when soybean seedlings were grown in nutrient solutions containing increasing levels of nitrate, tungsten gradually inhibited FMNH2-linked activity until at 5 mm exogenous nitrate or higher, no FMNH2-linked NR activity was observed (Fig. 1) .
According to the model of the NR complex reported in the literature, exogenous FMNH2 supplies electrons near the terminal end of the electron transport sequence, whereas NADH donates its electrons at the basal end (20, 23) . The FMNH2-linked activity of the enzyme complex is, therefore, a component of NADHlinked activity (23) . Thus, upon complete inhibition of FMNH2-linked activity by tungsten, NADH-linked activity should also be completely inhibited. On the contrary, the results show that in leaves of seedlings grown in nutrient solutions containing both nitrate and tungsten, high levels of NADH-NR activity were still present, although the crude extracts of these leaves had no FMNH2-linked NR activity (Table I ; Fig. 1 (11, 12) , increasing the tungsten level in the growth medium should increase its inhibitory effect on molybdenum utilization. However, similar inhibition of NADH-linked NR activity by tungsten in nitrate-grown leaves, even when the tungsten level was incrased 10-fold (Table I) , and the lack of inhibition of endogenous NR by tungsten (Table III) suggest that the synthesis of endogenous NR in soybean leaves probably does not require molybdenum. Nevertheless, the possibility of preferential utilization of endogenous molybdenum over exogenously supplied tungsten by the endogenous NR cannot be ruled out at this stage. Whether or not the endogenous enzyme complex, formed in the absence of nitrate, is the same protein moiety as that synthesized in the presence of nitrate is currently under investigation. However, preliminary studies indicate that the endogenous NR was more stable in vivo in the dark under aerobic and anaerobic conditions, than nitrate-induced NR (data not shown).
CONCLUSIONS
The results presented above can be summarized as follows. (a) Appreciable levels of endogenous NR activity are formed in primary leaves of soybean seedlings grown without nitrate; however, no NiR activity was observed in such seedlings. (b) Tungsten, which completely inhibited the development of nitrate-induced NR activity, had little effect on endogenous NR activity. (c) Tungsten also had no effect on the development of nitrate-induced NiR activity.
